Recently, research in the field of protein amyloid fibers has gained great attention due to the use of these materials as nanoscale templates for the construction of functional hybrid materials. The formation of apoferritin amyloid-like protein fibers is demonstrated herein for the first time. The morphology, size and stiffness of these one-dimensional structures are comparable to the fibers formed by β-lactoglobulin, a protein frequently used as a model in the study of amyloid-like fibrillar proteins. Nanometer-sized globular apoferritin is capable of self-assembling to form 1D micrometer-sized structures after being subjected to a heating process. Depending on the experimental conditions, fibers with different morphologies and sizes are obtained. The wire-like protein structure is rich in functional groups and allows chemical functionalization with diverse quantum dots (QD), as well as with different Alexa Fluor (AF) dyes, leading to hybrid fluorescent fibers with variable emission wavelengths, from green to near infrared, depending on the QD and AFs coupled. For fibers containing the pair AF488 and AF647, efficient fluorescence energy transfer from the covalently coupled donor (AF488) to acceptor tags (AF647) takes place. Apoferritin fibers are proposed here as a new promising template for obtaining hybrid functional materials. † Electronic supplementary information (ESI) available: TEM images of ferritin protein fiber formation, and apoferritin after 18 days of heat treatment; FLIM-PIE technique details; fluorescence emission spectra of apoferritin and β-lactoglobulin fibers functionalized with different QDs. See
Introduction
The structuring of zero-dimensional (0D) nanoparticles has great interest in basic and applied research because they provide a direct link between the nanoscale and macroscale worlds. [1] [2] [3] Therefore, building structures of growing complexity using nano-objects is becoming desired for inorganic nanostructures as the applications of these materials continue to expand. 4, 5 One-dimensional (1D) nanoparticle assemblies are thought to improve the efficiencies of various electronic, optoelectronic, and/or magnetic devices. 6, 7 Likewise, 1D structures can significantly help in the understanding of numerous biological processes. 8, 9 The simplicity of superstructure assemblies, their multifunctionality, and structural versatility represent interesting directions for future research in nanostructures. 10 Of particular interest are materials that act as a bridge between the inorganic and biological worlds: bioinorganic hybrid materials. Biological systems have great flexibility and capacity for self-assembly, hence the interest in them for nanotechnology. Biomolecules such as DNA, peptides or proteins have been widely used for the synthesis of bioinorganic materials. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] These hybrid nanomaterials find broad applications in biology, such as tissue engineering, drug delivery, bioimaging or biosensors, and in nanotechnology, as templates for the fabrication of metal nanowires and functional polymer nanotubes due to their unique anisotropic properties. 21, 22 Numerous natural proteins such as tubulin, fibrin or collagen, occur as fibrous nanostructures in biological organisms, whose singular properties relate to their specific biological functions. Amyloid-like fibers, either natural or synthetic, and self-assembling peptides are excellent templates for the production of 1D inorganic nanostructures. [23] [24] [25] [26] Some strengths of these 1D structures are: rigid structures with high mechanical strength, comparable in specific stiffness to spider silk and steel, [27] [28] [29] easy preparation from available proteins, and control over growth to obtain a variety of structures and physical properties. A strong and important point is that rigid amyloid fibers have rich and diverse surface functional groups on which other components with desirable functionalities can easily be built with nanoprecision. 30 A last but not least advantage of protein fibers is that size diameters are homogeneous, reproducible and easily tuned.
An example of fibers prepared from a globular protein is the case of β-lactoglobulin (Blg). 31 Mezzenga and colleagues have numerous and very appealing contributions on how β-lactoglobulin amyloid protein fibrils act as perfect templates to drive the synthesis of different inorganic materials (carbon nanotubes, TiO 2 , magnetite, gold) to form hybrid nanowires. [32] [33] [34] [35] [36] Our group, among others, 37 has several reports on the preparation of metallic 0D nanoparticles using the protein apoferritin as a template. Besides, we have shown up the capability of this protein to be functionalized using the lysine residues at the external shell, introducing a new physical property. 38, 39 Experimental section
Preparation of the apoferritin (APO) and β-lactoglobulin (Blg) stock solution proteins
Horse spleen apoferritin and Biopure bovine β-lactoglobulin proteins were purchased from Sigma-Aldrich. Apoferritin and β-lactoglobulin protein solutions (2 mL, 4 mg ml −1 ) were purified by centrifugation (13 552 rcf, 15 min) and the supernatant was filtered through a 0.22 μm Millipore filter.
Influence of temperature, pH and incubation time on fiber formation
Purified protein solutions were adjusted to the appropriate pH (2 or 5, diluted HCl dissolved in Milli-Q water) before heat treatment (50°C or 80°C, glass tubes hermetically sealed) over incubation time periods of 5 min, 10 min, 20 min, 30 min, 40 min, 50 min, 1 h, 3 h, 12 h, 24 h, 48 h or 120 h. After heat treatment, glass tubes were cooled in an ice bath to quench the aggregation process. Samples were collected for TEM analysis.
Preparation of the dye-labelled fibril proteins
In a first step amyloid-like protein fibers were formed after the heat treatment of protein solutions at 80°C and pH 2 for 12 hours. Later, the so-obtained fibril proteins were purified by ultrafiltration using VIVASPIN 6 with a molecular weight cut-off (MWCO) of 100 000 Da. Alexa Fluor succinimidyl ester derivatives (AF488, AF647) were purchased from Life Technologies. Solutions of protein fibers (2 mL) were prepared in aqueous solution pH 8.0 and incubated for 24 h with the corresponding fluorophore succinimidyl ester derivatives specifically, AF488 (tag1), AF647(tag2) or a mixture of both to obtain FRET samples in a 1 : 1 : 1 ( protein : tag1 : tag2) stoichiometry. The resulting solutions were then exhaustively dialyzed for 3 days against several changes of distilled water.
Synthesis of fluorescent 1D hybrid QD-fibers
Amyloid-like protein fibers were prepared as described previously. Carboxyl-coated quantum dots (QD525, QD655, QD800) were purchased from Life Technologies. 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) was purchased from Sigma-Aldrich. 10 µL of a stock solution (10 mg mL −1 ) of EDC in milli-Q water was mixed with a carboxyl-QD stock solution (20 µL, 8 µM) for 30 min at room temperature. A 2 mL APO and Blg protein fiber solution at pH 8.0 was added to this mixture and incubated for 24 h. Fluorescence emission and excitation spectra were recorded on a Cary Eclipse spectrofluorometer.
Correlative AFM and fluorescence imaging
Correlative imaging was performed with a JPK Nanowizard II AFM coupled to a Nikon Eclipse Ti inverted optical microscope, as previously described. 42 Samples were dried on glass and imaged in air with NSG30 cantilevers (NT-MDT). For fluorescence imaging, samples were excited at 488 nm with a Luxx laser (Omicron) and imaged onto an EMCCD camera (iXon Ultra 897, Andor Technology) through a 60× NA 1.49 oil immersion objective (Nikon).
Fluorescence lifetime imaging microscopy with pulsed interleaved excitation (FLIM-PIE) measurements
FLIM-PIE experiments of APOft and Blg were performed with a MicroTime 200 time-resolved fluorescence microscope (Pico-Quant GmbH, Germany). We employed a dual-color pulsed interleaved excitation (PIE) scheme, with two spatially overlapped pulsed lasers, at 470 (LDH-P-C-470, PicoQuant) and 635 nm (LDH-P-635, PicoQuant). These settings permit the simultaneous collection in a single step of the donor FLIM image, the FRET image, and the directly excited acceptor fluorescence intensity image. For more experimental details, see the ESI. †
Electron microscopy study
Samples were prepared by placing a drop onto a carbon-coated Cu grid. Electron micrographs were taken with a LIBRA 120 PLUS microscope operating at 120 keV. HR-STEM, HAADF-STEM and EDX maps were obtained with a FEI TITAN G2 microscope.
Results and discussion

Formation of APO and Blg fibers
Apoferritin (APO), the empty ferritin protein resulting from iron oxide removal, is a globular protein composed of 24 polypeptide subunits (M r 450 kDa) with a hollow aqueous cavity 8 nm in diameter where it can accommodate an iron oxide nanoparticle. Ferritin is the primary Fe storing protein in most living organisms. 40 It is remarkably stable to temperature and pH changes, as demonstrated by its stability up to 70°C and over extreme pH values of 3-10.
TEM contrasted images of the two globular APO and Blg proteins are shown in Fig. 1 . Native APO is a hollow protein shell with cubic symmetry. At neutral pH and room temperature (RT), APO shows the typical spherical mor-phology with an average diameter of 12 nm (Fig. 1a ). Under the same conditions of pH and temperature Blg forms dimers and a heat treatment at 80°C and pH 5.0 is necessary for obtaining globular structures, in particular spherical aggregates with a size distribution centered at about 50-100 nm (Fig. 1b ). 36 Blg is known to form well-structured fibrils when the temperature is increased above 70°C under very acidic conditions ( pH 2). Fig. 1c (APO) and 1d (Blg) show TEM images after heat treatment at 80°C and pH 2 for 24 h. For the Blg protein, wire-like structures with an average diameter of 10 nm and several microns in length were observed, in agreement with previous reports. 36 Similar to Blg, the APO protein forms quite rigid (segments of 200-1000 nm, straight segments), rod-like fibers with diameters of 10 ± 2 nm. More flexible fibers were formed when the ferritin protein was subjected to the same heat treatment (see ESI, Fig. S1 †) . To optimize the synthesis of these APO protein nanowires we performed an exhaustive study varying the experimental conditions, which was followed by TEM.
Influence of temperature
The temperature dramatically influences the final 1D structure obtained (Fig. 2) . More flexible and aggregated fibers, with bigger diameters of 20-30 nm, were formed when the temperature is decreased from 80 ( Fig. 2a ) to 50°C (Fig. 2b ). It should be pointed out that the Blg protein did not form fibers at 50°C, but temperatures higher than 70°C must be applied, as previously reported. 36 
Influence of pH
The influence of pH on the APO fiber formation is shown in Fig. 3 . Four different stages of the APO amyloid-like fibril formation can be distinguished after a heat treatment at 50°C in a weak acidic medium (pH 5). In Fig. 3a , it can be observed how the native APO protein forms aggregates while maintaining its globular structure. In Fig. 3b APO cages stick together and the process of fiber formation begins and accordingly, thick fibers of APO cages with diameters of 80-100 nm are observed. At this stage the globular native structure of APO, and even its inner cavity (a dark spot at the middle of the cage) can still be perfectly distinguished. In Fig. 3c , after a heat treatment of 40 min, the globular structure is barely observed since the fibrillar process goes on. In fact after 24 h of incubation time, Fig. 3d , fibers of 20-50 nm in diameter were formed. They were more aggregated, disordered and thicker than fibers formed at pH 2 and 50°C (Fig. 2b) . The native globular structure was lost in the final stage. Briefly, during the heating process at 50°C and pH 5 the globular APO protein cages stick together and they arrange forming thick, aggregated and flexible fibers of around 20-50 nm. Under these experimental conditions (pH 5, 50°C) the process of fiber formation occurs slowly, compared to that at 80°C, which allowed us to monitor the system at 4 different stages of the fiber formation process. After 18 days, thinner fibers, but still flexible, were observed (see ESI, Fig. S2 †) , similar to the ones obtained at pH 5 and 80°C after 24 h.
Whereas the Blg protein only forms fibers under very acidic conditions ( pH 2) and high temperatures (80°C), APO fibers can be obtained at lower temperatures (50°C) and higher pH values (5) . 
Influence of incubation time
We also observed that incubation time is another key factor affecting the morphology of the fibers. Fig. 4 shows the evolution with time of APO and Blg fibers while heating at 80°C and pH 2. Large protein aggregates were formed after 1 h of treatment ( Fig. 4a and b) . Protein fibers were formed after 12 h of incubation time ( Fig. 4c and d) , remained until 48 h and then started to break down. After 5 days ( Fig. 4e and f ) of heat treatment amyloid-like fibers were broken and only smaller protein aggregates could be observed. After globally considering the influence of temperature, pH and incubation time, we conclude that pH 2, 80°C and an incubation period between 12-24 h are the optimal synthetic conditions to form well-structured, wire-like fibers for APO proteins with long persistence lengths.
Dye-labelled fibril proteins
It is interesting to highlight that, as expected, once the fibers were formed, the APO protein lost its ability to store Fe, which reflects the dramatic changes occurring at channels and cavity sites in the protein structure in fibers with respect to the native form. At this point, we wondered if fibers would retain the ability to be functionalized externally exhibited by native apoferritin. Indeed, amyloid fibrils have rich and diverse surface functional groups. However, few reports have been published on the use of these reactive groups as a template for chemical functionalization. 17, 19, 30 In particular, the native APO protein contains lysine and cysteine residues on the external surface that can be used to covalently couple molecules or nanoparticles as our group and others have previously reported. [37] [38] [39] Following the same approach we have covalently bound two Alexa Fluor dyes and three types of quantum dots (QDs) with diverse fluorescence emission to the APO fibers. The 1D bioinorganic hybrid nanostructures could find numerous applications, such as in the synthesis of inorganic nanowires that incorporate optical and electronic properties "à la carte".
AF dyes are intensely fluorescent, and their succinimidyl ester derivatives react with amine groups, giving rise to conjugate proteins with high photostability. AF488 and AF647 molecules were readily bound to the APO and Blg nanofibers by the formation of amide bonds. In this way, 1D fluorescent nanofibers were obtained. In a first experiment, APO and Blg fibers were reacted with only AF488 or AF647.
To confirm that the functionalization was successful, we imaged the fibers with correlative AFM and fluorescence microscopy. Indeed, Fig. 5 shows that the pattern in the fluorescence image matches that of the fibers in the AFM image.
Fluorescence lifetime imaging microscopy with pulsed interleaved excitation (FLIM-PIE) measurements
In order to obtain more information about the arrangement of the fibers, we focused on the FRET from AF488 (donors) to AF647 (acceptors) by observing the donor fluorescence lifetime using Fluorescence Lifetime Imaging Microscopy with pulsed interleaved excitation (FLIM-PIE). FLIM imaging allows mapping the lifetime of the donor, τ D , which depends on the FRET efficiency, and the PIE excitation scheme provides simultaneous dual-colour excitation for colocalization imaging of the donor and acceptor (see the ESI and Fig. S3 † for details). 41 We performed FLIM-PIE experiments on APO and Blg, both in the native globular form (APO-globular and Blg-globular) and fibers (APO-fibers, Blg-fibers), labeled with both AF488 and AF647 (Fig. 6 ). In the FLIM analysis of the APO-fibers ( Fig. 6a and b for representative images, and more images are collected in Fig. S4 †) , we distinguished two different populations: fibrillar structures characterized by high fluorescence intensity due to a high number of emitting dyes, and high FRET efficiency (τ D distribution centered at 2.40 ± 0.01 ns, Fig. 6b,i) ; and small aggregates with less efficient FRET (τ D distribution centered at 3.13 ± 0.02 ns, Fig. 6b,ii) , which suggest a less organized conformation of these aggregates. In contrast, APOglobular exhibited a τ D distribution centered at 3.53 ± 0.01 ns (Fig. 6b,iii) , indicating a low-FRET. Similar results were obtained for Blg ( Fig. 6c and d) . Blg-fibers exhibited highlyfluorescent fibrillar structures, characterized by a τ D centered at 3.06 ± 0.01 ns, coexisting with small aggregates (τ D centered at 3.12 ± 0.01 ns). These small aggregates are different from 
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Blg-globular, which exhibited a τ D distribution centered at 3.46 ± 0.01 ns. These results demonstrate that in both APO and Blg fibers two different types of structures are formed, which display a more efficient energy transfer and, hence, are more compact than the globular species.
Fluorescent 1D hybrid QD-fibers
Finally, we covalently coupled three types of CdSe nanoparticles (NPs) to APO and Blg fibers for obtaining fluorescent 1D nanostructures. The surface of the QD, covered with free carboxyl (COOH) residues, enables covalent coupling to the QD probes. The conjugation process of fluorescent QDs (525, 655 or 800) emitting at 525, 655 or 800 nm, to 1D fibers of both proteins has been achieved via covalent crosslinking chemistry. Fluorescence emission spectra of APO-QD and Blg-QD fibers (Fig. S5 †) showed no significant changes in the emission and bandwidths of QDs after the coupling process to fibers. The HR-TEM contrasted images of the APO-QD and Blg-QD hybrid nanofibers ( Fig. 7) showed that the crosslinking step did not result in fiber aggregation and that the functionalization of fibers with QDs was clearly successful. The semiconductor NPs arrange along the protein nanofibers alternately on either side of the fiber. The organic PEG shell (of about 2 nm) surrounding the QDs could be perfectly distinguished. For the Blg-QD hybrid structures some free QDs in the medium were observed. In the case of APO-QD fibers the functionalization reaction was practically complete and no free QDs were observed in the medium.
The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images and the energy dispersive X-ray (EDX) analysis of the APO-QDs and Blg-QDs are shown in Fig. 8 . The EDX mapping showing colocalization of S, Se and Cd on a single fiber confirms first the presence of the QDs associated with the fibers, and second the successful functionalization.
Conclusions
1D fluorescent nanofibers have been prepared either using apoferritin or β-lactoglobulin proteins as templates. This is the first time that a wire-like, micrometer-sized structure with persistence length formed by the heat treatment of apoferritin is described. Optimizing the heating protocol, which induces the apoferritin protein to denature and self-assemble, allows the formation of 1D fibers. Controlling the experimental conditions such as the temperature, pH and time of incubation used, the morphology and diameter size can be varied. An incubation time of 12 to 24 h, a pH of 2 and 80°C are the optimal conditions for the formation of wire-like fibers. We showed that apoferritin fibers maintain their ability to be functionalized. Thus, 1D fluorescent fibers with fluorescence emission ranging from green to near-infrared were prepared by coupling dyes or QDs to APO and Blg proteins. FLIM-PIE studies on FRET efficiency within the tagged APO and Blg fibers demonstrate different arrangements of the proteins in mature fibers than in small aggregates. The arrangement of multiple dye molecules into fiber assemblies exhibits a more efficient energy transfer as compared with their counterpart globular proteins. Moreover, the choice of different donors and acceptors may allow wavelength tunability through intrafibrillar energy transfer. Therefore, the results demonstrate the chemically versatile nature of this 1D template and its high potential for manufacturing hybrid and functional nanomaterials, specifically fluorescent nanofibers.
The well-established knowledge about the apoferritin structure, the availability of numerous methods for its functionalization and the simplicity of fiber synthesis, makes the APO protein a highly promising template for preparing 1D nanomaterials. The ability to control both, the type and number of fluorophores on a fiber template as opposed to being embedded irregularly in a matrix could be advantageous. This would allow rational manipulation of the energy transfer efficiency by varying the type and number of acceptor and donor fluorophores.
Protein fibrils resulting from the assembly of proteins or peptides into long, highly ordered fibrillar structures are emerging as one of the fastest growing scientific areas, because of their functional versatility and broad applications in biology (amyloid-like fibers are associated with numerous neurodegenerative diseases) and in nanotechnology (as templates for the fabrication of metal nanowires and functional polymer nanotubes). In that sense they can find similar applications as fluorescent organic polymers or inorganic nanowires.
